Background: The hospital standardized mortality ratio (HSMR) is developed to evaluate and improve hospital quality. Different methods can be used to standardize the hospital mortality ratio. Our aim was to assess the validity and applicability of directly and indirectly standardized hospital mortality ratios.
Introduction
In the last decades increasing attention is directed towards the quality of care of hospitals. Various performance indicators have been developed to express quality of care, among which the hospital standardized mortality ratio (HSMR). The HSMR is a risk adjusted hospital mortality rate that corrects crude hospital mortality rates by taking into account the case-mix of the hospital [1] . Developed and implemented in 1999, the HSMR is now used as a key hospital quality indicator in various countries including the United Kingdom, the United States, Canada, and the Netherlands [2, 3, 4, 5, 6, 7] .
The HSMR is used by hospitals, health authorities, and media as a tool to assess the delivered quality of care, to analyse the trend of the quality of care of a hospital over time, and to compare and rank hospitals. Since its introduction, the HSMR has been debated for various reasons: the credibility of the link between quality of care and risk adjusted mortality [8, 9, 10] , the variables that are used for case-mix adjustment [11] , and issues regarding coding of these variables [12] .
Another important, but often neglected issue, is the fact that the HSMR is computed via the so-called indirect standardization method. It has been long known that if mortality rates are adjusted via the indirect standardization method, these rates cannot always be compared [13, 14, 15, 16] . However, it seems almost inevitable that HSMRs of hospitals will be compared and 'quality performance league tables' will be constructed.
The present paper illustrates the potential pitfalls of HSMR when used to compare hospitals. We will first provide a description of the indirect and direct standardization method to demonstrate why caution must be taken when hospitals are compared and ranked based on indirectly standardized figures like the HSMR.
Subsequently, we illustrate the consequences of indirect standardization in practice using HSMR figures from the Netherlands.
Methods

Ethics Statement
To study the impact of this phenomenon caused by indirect standardization on real clinical data, we have conducted a series of analyses on the Dutch HSMR figures, permitted by the Dutch Hospitals Association and the Dutch University Medical Centers Association. The data were obtained from the Dutch National Medical Registration database, which contains routinely collected hospital episode statistics of Dutch patients and is held by Dutch Hospital Data. All data were analyzed anonymously (http: //www.dutchhospitaldata.nl/Bestanden/Documenten/Protocol_ gegevensgebruik_DHD_databanken.pdf).
Standardization methods
Differences in crude mortality rates between hospitals are not only caused by differences in hospital performance but also by differences in the case-mix of patients that are admitted. A hospital that admits on average older patients and performs a larger proportion of 'high risk' procedures is likely to have a higher inhospital mortality rate than a hospital with on average younger patients and a smaller proportion of 'high risk' procedures. Standardization methods use information at patient level such as reason of admission, age, sex, deprivation category and comorbidity to adjust for these differences in case-mix.
A standardized mortality ratio is calculated as the observed number of deaths divided by the expected number of deaths. For the HSMR, this is the observed and expected mortality for a given hospital in a given year, expressed as a percentage. If the observed number of deaths is 120 and the expected number of deaths is 100, the HSMR for that hospital would be 120. A HSMR greater than 100 reflects more deaths than expected and a HSMR less than 100 reflects fewer deaths than expected.
There are two main methods of standardization: direct and indirect. The main difference between these two methods is what is being standardized, whether it being the case-mix (direct standardization) or the mortality rate (indirect standardization).
Direct standardization. The direct standardization method standardizes the case-mix of patients admitted in a hospital to a reference case-mix. A directly standardized mortality rate of a hospital is therefore based on the same case-mix as the directly standardized mortality rates of other hospitals, i.e. on the reference population (reference case-mix). In this way the effect of differences in case-mix populations between hospitals is eliminated.
Directly standardized mortality rates are computed as follows. First, the probability of in hospital death is calculated for each subcategory of patients as number of deaths divided by the number of admissions in that subcategory. Thus for example the probability of in hospital death for men, treated for the diagnosis of pneumonia, in the age category 60-64 year, may be 2% in one hospital, whereas patients with the same combination of predictors may have a mortality probability of 3% in another hospital.
Secondly, the mortality probabilities of each hospital are applied to the same reference hospital population to obtain the expected number of deaths in the reference hospital population. If the reference hospital population has 100 patients in the subcategory of our example, the expected number of deaths according to the mortality rates of our example hospital would be 2 (10062%). Summation of the expected number of in-hospital deaths of all subcategories gives the total expected number of in-hospital deaths in the reference hospital population. The ratio between the expected number of in-hospital deaths and the actual number of in-hospital deaths in the reference population gives the directly standardized mortality ratio for the hospital of interest. Note that a hospital must have patients in a subcategory to calculate the corresponding mortality rate for that subcategory, and that the number of patients in the subcategory must be large enough to obtain reliable mortality rates.
Indirect standardization. The indirect standardization method standardizes the mortality rate of the case-mix to a reference mortality rate (expected mortality rate). An indirectly standardized mortality rate of a hospital is based on the expected mortality rate for that hospital given its case-mix of patients.
The indirect standardization method calculates the expected number of deaths for a hospital in two steps. First, expected probabilities of in-hospital death are computed using a logistic regression model with in-hospital mortality (yes/no) as outcome and various patient characteristics as predictors. For this modelling one commonly uses the data of many (preferably all) hospitals in a particular country. These expected probabilities of in-hospital death are computed for each subcategory of patients and can be interpreted as the probability of in-hospital death for patients belonging to the corresponding subcategory in a standard hospital of that country. For example the prediction model might calculate that the expected in-hospital probability of death for men, treated for the diagnosis of pneumonia, in the age category 60-64 year is 3%.
Secondly, these expected probabilities are applied to the admission numbers of a specific hospital to compute the expected number of deaths in that hospital. If the hospital under study has admitted 200 patients in the subcategory of our example, the expected number of deaths in this subcategory would be 3% of 200 or 6 deaths. The summation of the expected number of deaths in all subcategories gives the total expected number of deaths for that hospital. The observed number of deaths in a hospital is calculated by simply counting the number of people who died in the specific hospital within the given period. The ratio between the observed number of deaths and the expected number of deaths gives the indirectly standardized mortality ratio.
The advantage of directly standardized mortality rates is that these rates are comparable with each other because the effect of differences in case-mix is eliminated, as they are all based on the same reference hospital population. However, a subcategory of patients of a hospital under study may be very small, resulting in an unreliable mortality rate (e.g. a mortality rate of 0% in a subcategory containing 5 patients). Moreover, if a hospital does not have any patients in a subcategory, the direct standardization method cannot be used at all. Therefore, in most cases, direct standardization is not applicable and the indirect standardization method is used. This is also the case for the HSMR as it is generally calculated. The drawback of indirectly standardized mortality rates is that these rates are not always comparable with each other as will be explained in the example below.
Numerical example
We assume there are two hospitals, hospital A and hospital B, of equal size (both admitting 5000 patients per year) and both delivering precisely the same quality of care. If the HSMR is a fair and valid measure of quality of care, this measure should then also be equal for both hospitals. For reasons of simplicity, we distinguish only two kinds of patients (i.e. using one patient characteristic instead of the 9 normally used to calculate the expected mortality): urgently versus non-urgently admitted patients. Suppose that hospital A has admitted 20% of the 5000 patients urgently and hospital B 80%.
We now assume that urgently admitted patients have an expected mortality rate of 6% and non-urgently admitted patients of 2% (see also table 1). Furthermore, assume that in both hospitals the observed mortality rates for these groups are 3% and 4% respectively. Although a patient admitted to hospital A has the same chance to die as in hospital B (3% if admitted urgently and 4% if admitted non-urgently) the HSMR is 136 for hospital A and 61 for hospital B (table 1) .
The difference in indirectly standardized HSMR is the result of the difference in case-mix and of interaction between case-mix and hospital and is explained as follows.
In both hospitals, urgently admitted patients have a lower probability to die than non-urgently admitted patients (observed rates 3% vs. 4%). In the total population the effect of urgency is the other way around (expected rates 6% vs. 2%). This means that there is statistical interaction between hospital and urgency. Although the two hospitals in the example perform similar, hospital B benefits from this situation as the majority of its population consists of urgently admitted patients (80% of the total), resulting in a lower HSMR than for Hospital A. Thus, when comparing and ranking the performance based on the single HSMR statistic only, hospital B is considered to be better than hospital A, despite the fact that the chance to die for a random patient is equal in both hospitals. Figure 1 displays the relation between the case-mix distribution (urgent -non-urgent ratio) and the HSMR, keeping the expected and observed mortality rates constant.
The direct standardization method is not affected by this present interaction. Suppose hospital A is the reference hospital. Then the case-mix of hospital B will be standardized to the casemix of hospital A. Because the observed mortality rates for urgently and non-urgently admitted patients do not differ between the hospitals, the directly standardized mortality rates for hospital B and for hospital A are both 100 (see table 1 ).
Besides the use of the HSMR for comparisons across hospitals, it is also advocated to compare the HSMRs of a single hospital over time as an indicator of change in quality of care. However, the same phenomenon as described above can be found. When the case-mix distribution changes over time and interaction between hospital and case-mix is present, the HSMR can still change even if the quality of care (expressed as observed mortality rates) and the predicted risk for each patient remains constant. A worked-out example can be found in Appendix S1.
Application to Dutch HSMR figures
To study the impact of this phenomenon caused by indirect standardization on real clinical data, we have conducted a series of analyses on the Dutch HSMR figures, permitted by the Dutch Hospitals Association and the Dutch University Medical Centers Association. For the present analyses, patient consent was not necessary as the data was stored and thus used completely anonimized. For the same reason, approval of a medical ethics committee was not needed.
The Dutch HSMR have been calculated in a similar manner to that used in several other countries and was performed by the authors (notably DP) in close collaboration with Dr Foster Intelligence (London, UK). For a detailed description of the Dutch HSMR models and used method, we refer to a previous publication [2] . In short: 50 diagnostic groups were selected which accounted for 80% of in-hospital mortality. For each diagnostic group a prediction model (logistic regression model) was fitted using various predictors, including age, gender, urgency of admission, month of admission, Charlson Comorbidity Index, diagnosis, and social deprivation, to generate an expected mortality risk for each admitted patient. In total, 4,031,829 admissions in the period 2003-2009 were included to fit these 50 prediction models. The HSMR is the sum of the observed mortalities in all 50 diagnostic groups divided by the sum of all expected mortalities. The coefficients of the predictors of the final models can be shown on request.
For the present analysis, we tested whether there was an interaction beween hospital and urgency of admission, as we hypothesized that the effect of the variable 'urgency of admission' on the outcome (death) might differ across hospitals. For example, high-level trauma centres are probably more adequate in treating acutely admitted patients. For each of the 50 diagnostic groups, we fitted a logistic regression model with the variables 'hospital', 'urgency of admission' and their interaction term 'hospital*urgency of admission' as predictors and tested whether the In the first part (scenario 1-4) we stratified patients according to their admission status into urgent and non-urgent admissions to mimic the numerical example as described above. For both groups, the size of the group, the observed mortality rate, and the expected mortality rate were calculated. Subsequently, we kept the observed and expected mortality rates for these two groups constant, and replaced the original distribution of urgent and nonurgent admissions for each hospital by the 'average case-mix distribution of all 61 Dutch hospitals' (scenario 1). The obtained HSMRs reveal what the HSMR of the hospital would have been if that hospital had an average Dutch hospital distribution of urgent and non-urgent admissions. To investigate more extreme variations, we extended these scenarios by replacing the original distribution of a single hospital by the case-mix distribution of a single other hospital (scenario 2).
In a third scenario we looked at the effect of differences in casemix distributions of a single hospital on the HSMR over time. We used the observed and expected mortality rates of the urgent and non-urgent admissions of a hospital in the year 2009 as a basis. We repeated these scenario studies using another case-mix variable 'Charlson Comorbidity index' (CCI) instead of 'urgency of admission' (scenario 5-8). The CCI is used as a score for comorbidity and is based on 17 comorbidities such as cancer, congestive heart failure, cerebral vascular disease, peripheral vascular disease, dementia, diabetes, and renal disease [17, 18] . Each comorbidity is assigned a weighted score. Depending on the patient's sort and number of comorbidities the CCI stratifies the patient into a class ranging from 0 (no comorbidity) to 6 (severe comorbidity). Figure 2 shows a funnel plot of the HSMRs of the 61 hospitals. The funnel plot divides hospitals in three categories using 95% control limits. The 95% control limits demarcate the 95% confidence interval of the HSMR given the expected mortality. Hospitals above the 95% control limits have a HSMR significantly higher than 100, hospitals below the 95% control limits have a HSMR significantly lower than 100, and for hospitals between the 95% control limits a deviation from the reference value of 100 is considered to be a result of natural random variation. As can be seen in figure 2 , in 2009 the HSMRs of Dutch hospitals differed considerably. Fifteen hospitals appeared to perform significantly better, and seven hospitals significantly worse than expected. According to the risk adjustment model used, the risk of dying in the hospital with the lowest HSMR is 1.93 times lower than the hospital with the highest HSMR (132/68).
Results
In 2009 the 61 hospitals had 492,099 admissions of which 301,916 admitted urgently. Figure 3 illustrates the percentage of urgently admitted patients per hospital in 2009, which ranged from 38% to 76% (median 65% (IQR: 60%-68%). Respectively 53%, 20%, 15%, 5%, 1%, 5%, and 1% of the studied admissions were classified in the CCI group 0, 1, 2, 3, 4, 5, and 6. Figure 4 illustrates the distribution of the CCI of admissions per hospital in 2009.
We tested for interaction between hospitals and two case-mix variables: 'urgency of admission' and CCI. We found evidence of interaction between hospitals and 'urgency of admission' in 19 of the 50 prediction models (statistically significant interaction term, Figure 1 . Change in HSMR when the ratio of urgently vs. non-urgently admitted patients changes. The observed mortality rates are 3% and 4% for respectively urgently and non-urgently admitted patients. The expected rates are 6% and 2%, implying the presence of statistical interaction between hospital and urgency, which is ignored in the adjustment model. Markers indicate the proportions of urgently admitted patients used in the theoretical example (20% and 80% respectively). doi:10.1371/journal.pone.0059160.g001 P,0.05). In 7 of the 50 prediction models we found evidence of interaction between hospitals and CCI.
For each hospital we recalculated the HSMR using the mean of the distributions of the case-mix variable 'urgency of admission' of the 61 hospitals (scenario 1). The relative change between these obtained simulated HSMR and the original HSMR ranged from 22.6% for one hospital (HSMR: 110, simulated HSMR: 107) to 5.5% for another hospital (HSMR: 79, simulated HSMR: 83). No hospital changed significantly from category (i.e. the same fifteen and seven hospitals respectively over-and underperformed according to the new computed HSMR). Appendix S2 shows the HSMR and the HSMR of scenario 1 for all hospitals. The top 5 and bottom 5 hospitals remained unchanged when the HSMR of scenario 1 was used to rank the hospitals ( Table 2 ). The total absolute difference in HSMR was 44 points (an average of 0.72 points per hospital). Tables 3 and 4 show an overview of the results of the eight scenarios. In scenario 2, where we replaced the casemix distribution of a hospital with the distribution of one single other hospital, we found that for 10 (16.4%) hospitals another hospital could be found whose case-mix distribution significantly changed the category in the funnel plot. For 7 of these 10 hospitals, the HMSR was close to a control limit (less than 2 HSMR points). In scenario 3 we replaced the case-mix distribution When repeating the scenarios based on the Charlson Comorbidity Index (scenarios 5-8), differences between the original and simulated HSMRs increased. The relative change between the obtained simulated HSMR based on the mean co-morbidity distribution and the original HSMR ranged from 26.7% for one hospital (HSMR: 97, simulated HSMR: 90) to 29.5% for another hospital (HSMR: 95, simulated HSMR: 123). Eight hospitals, including the 2 hospitals mentioned above, changed significantly from category when the HSMR of scenario 5 was compared with its original HSMR. For seven of these eight hospitals the difference in HSMR ranged from 24 points to 1 point. The hospital with the largest HSMR difference (from 95 to 123) tumbled in the ranking list from position 23 to position 57. The HSMRs of the hospitals are shown in Appendix S2. The top 5 hospitals remained unchanged when the HSMR of scenario 5 was used to rank the hospitals, but the differences were larger in the bottom 5 hospitals.
Looking at changes over time, we found that the relative change between the HSMR with the average distribution of that hospital of the years 2006-2009 and the original HSMR ranged from 218.6% (HSMR dropped from 97 to 79) to 4.8% (HSMR increased from 97 to 101). Three hospitals significantly changed to another category because of a change in HSMR.
Discussion
The HSMR is considered to be an important tool in the assessment of quality of care across hospitals as well as for a single hospital over time. In a growing number of countries the HSMR is used by hospital board members, the health inspectorate, media, and public to monitor and compare the quality of care. Given the fact that the HSMR is based on indirect standardization, it has been known -although in practice largely ignored -that such comparisons are only allowed if the underlying case-mix distributions are identical or if there is no interaction between hospitals and case-mix variables [13] [14] [15] [16] . In this paper we showed the pitfalls of indirect standardization of the HSMR by means of a numerical example, and in practice by using Dutch clinical data.
With the numerical example we illustrated that when there is interaction between hospital and case-mix, the indirectly standardized HSMR is not only determined by the observed and expected mortality rates, but is also related to the distributions of the underlying case-mix variables. Thus, caution must be taken not only when interpreting and comparing HSMRs of different hospitals but also when comparing HSMRs of a given hospital over time. When there is no interaction between hospital and casemix, direct and indirect standardization will lead to the same HSMR, also when there are differences in case-mix distribution.
From our empirical studies we learned that although changing the case-mix distribution of a hospital results in a different HSMR, differences between the HSMR calculated with the average Dutch case-mix distribution of the variable 'urgency of admission' (scenario 1) and the original HSMR, were small. In terms of ranking, we see little movement, and no hospitals moved across categories. However, replacing the hospitals' case-mix by that of a single other hospital (scenario 2) led to significant changes in HSMR and rank. Comparing the HSMR of a hospital with the HSMR computed with the average case-mix distribution of previous years of that hospital for the variable 'urgency of admission' (scenario 3), showed again only small differences in final hospital ranking. This is probably because the case-mix distribution of this variable did not change substantially over the last 4 years for the Dutch hospitals. From these three scenarios we learned that the larger the difference between the 'original' and the 'new' case-mix, the larger the change in HSMR will be due to the indirect standardization method itself.
The findings are also strongly dependent on which case-mix variable is investigated. For the variable 'Charlson Comorbidity index', the distribution differences between hospitals cause more discrepancy between the original HSMR and the simulated HSMR (scenario 5) than the simulation study in which the casemix variable 'Urgency of admission' was used (scenario 1). This is probably due to more variability in the distribution of the Charlson Comorbidity index between hospitals. Nevertheless, the ranking of the top and bottom 10 hospitals still hardly changed. Furthermore, for some hospitals the distribution of the variable 'Charlson Comorbidity index' also varied considerably between years (scenario 8).
Some limitations of our study must be taken into account. We only looked at two of the nine case-mix variables used in the casemix correction model. Moreover, in our scenario studies we varied only one variable at a time. Despite the high possibility that the distributions of the other case-mix variables also differ between hospitals and over the years, we explicitly chose to focus on these two variables because our goal was to provide insight in the fact that case-mix differences between Dutch hospitals can influence the HSMR and because these two variables are subject to debate in terms of coding issues [12] . Therefore, distribution differences between hospitals may distort the comparison of HSMRs more than revealed with this study. However, it might be expected that differences in the distribution of other predictors in the adjustment model would have similar effects. Another limitation is that we only looked at a period of 4 years (2006-2009). Although our study indicates that differences in case-mix distributions of hospitals over time do not influence the HSMR noticeably, it is very well possible that over a longer period of time case-mix distributions change, such that long term trend monitoring using the HSMR may be misleading.
Due to their indirect standardization, HSMRs may not automatically be comparable neither across hospitals nor for a single hospital over time, unless the underlying case-mix distribu-tions are proportionally the same or when there is no interaction between hospital and case-mix. In our data we found evidence of interaction between hospitals and the case-mix variables 'urgency of admission' and 'comorbidity'. However, our empirical example showed that when differences in case-mix were limited (scenario 1 and 3), the effect on the HSMRs and thus the ranking of the hospitals is limited. Only replacing a hospital's case-mix with a very different case-mix (scenario 6) led to significant changes in HSMRs. More importantly, direct standardization is practically impossible when multiple predictors are included in the adjustment model. The numbers of patients in each subcategory then become too small to obtain reliable mortality rates. Furthermore, it has been previously argued that the indirectly standardized HSMR provides the mortality rate from a societal perspective as it is based on the population the hospital actually serves, not the national reference population, while a HSMR based on direct standardization is more relevant to informing patient choices [19] .
Although still subject to much discussion, HSMR will likely remain as one of the indicators for hospital quality. HSMRs should be interpreted, however, with the greatest caution, due to issues concerning the link between in hospital mortality and quality of care, coding differences between hospitals, insufficient case-mix adjustment, and poor data quality. In addition, in this study we have shown that the indirect standardization method used to compute the HMSR might also distort the interpretation of HSMRs. Therefore, we urge researchers to first investigate the distributions of the underlying case-mix variables and assess the presence of interactions between hospital and case-mix. A possible solution might be to analyse hospitals within clusters with comparable case-mix distributions such as small regional hospitals, large teaching hospitals and academic hospitals. Comparing HSMRs of hospitals belonging to the same cluster reduces the chance that differences in case-mix distributions and interaction are the cause of HSMR differences across hospitals. Also for trend monitoring of HSMRs within a single hospital, the case-mix distributions of those years, and potential interaction between year and case-mix must be analysed before interpreting possible changes in HSMR.
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